At the end of a brilliant paper' published in 1922 from one of the world's foremost laboratories of physiology-a contribution which, in one swift motion, gathered together the best of nineteenth century material and laid the foundation for the modern study of arterial elasticity-there appeared the following careless citation: "Moens, 'Die Pulskurve', Leiden. 1878. p. 90." In one form or another, this reference to the formula for the velocity of the pulse wave appears here and there in past and current literature as a recurrent after-image-elusive, slightly blurred in detail-of a brief bright flash on the physiological horizon of some sixty years ago.
During my search for a broader background in hemodynamics, repeated encounters with this reference, but never with the original, aroused an increasing curiosity. When I discovered a copy of the original monograph in the Yale University Library and read it carefully, I was surprised that such a significant contribution had been dimmed so far as to be a rare find-not even a common library item. The prospect of making it available in an up-to-date form proved attractive, and at the suggestion of Dr Here was a research for which the young man was eminently fitted. He had had sufficient medical study to recognize the problems and their meaning, and he brought from his engineering experience a knowledge of sound physical and mathematical principles and their applications. In addition, he was a good practical worker with his hands and had, in spite of his troubles in pathology, a strong physique which he taxed mercilessly with long hours in the laboratory.
He worked effectively on the problem for three years, and in 1 8 78 retired from research and entered into medical practice at Goes. He devoted himself to his patients with the same zeal and diligence that he had shown in the laboratory, and Goes, the center of a rich farming country, probably supported him quite handsomely. When Heynsius died, in 1885, the chair of physiology at Leiden was offered to Moens, but he dedined the appointment. Einthoven, who accepted the offer after Moens' refusal, generously ascribes Moens' decision to his excessive modesty and the conviction that he could be of real benefit to humanity in his chosen sphere. It may be, too, that he had already had a warning of how prematurely his career might be cut short. For it was not much later that a chronic illness began to undermine his physique and spirit. After fighting it for a few years, he finally succumbed on the 24th of June, 1891.
Here was a man, generously endowed in character and intellect, who labored successfully in quite varied fields. Trained as an engineer, he later found what he believed to be his true place in the practice of medicine. Yet it was in three brief years at the crossroads of the two that he left his only enduring mark.
The best acquaintance with Moens' work is to be gained from his principal publication, the monograph entitled Die Pulscurue. Though published in Leiden it is written in easy German, sprinkled here and there with a few Dutch words that apparently slipped by the proof-readers. Language Moens credited to Professor Heynsius the inspiration for his method of attack. They both felt that a study of the elastic tubes themselves, in which waves were propagated, offered few opportunities for quantitative knowledge and experimental control of conditions. Moens, therefore, elected to approach the problem from the standpoint of the movements of the liquid in such tubes. In that decision lay both the strength and the weakness of his contribution to science: strength, in the ease with which experimental variations could be introduced and measured and in the simplicity of explanation permitted; weakness, in the pitfalls of his generation's methods of registration, which led him astray in the more extended portions of his argument.
The whole series of experiments dealt with the flow of water through a horizontal pipe or tube connecting two reservoirs of unequal level; more particularly, with the phenomena observed when the flow was suddenly started or stopped by the manipulation of a stop-cock at the inflow end.
First employed was a lead pipe, with recording movement reduced to a minimum. For an elastic influence Moens chose a small volume of air enclosed in a glass chamber. This possessed an easily measurable and almost perfect elasticity, and it actuated the recording instruments with small loss of efficiency. One or more of these elastic factors could be attached at any desired points along the otherwise rigid lead pipe. When one such air chamber was introduced next to the stop-cock, the cardiograph record clearly showed that sudden interruption of the flow of water set the liquid into pendular oscillations. Recognizing this, Moens stated his fundamental formula, which expressed the period of the oscillations as the well-known function of the square root of the ratio of the mass to the elasticity.
Experiment next showed that an elastic chamber at some other position along the pipe caused different oscillations. Their periods could be expressed in terms of the properties of a similar chamber at the inflow end, whose size would depend upon the location of the actual factor studied. The next step developed the summation of two or more factors in the same terms. From this it was a matter of integration to predict the period of the "stop-cock-closing oscillations" which would result if an infinite number of such elastic factors should be introduced at infinitesimal intervals along the pipe.
Moens next bridged the gap to rubber tubes by calculating their 246.
elasticity in terms which could be substituted in the fundamental formulae he had developed for the air chambers. He thus predicted and checked experimentally the periods of the oscillations produced by interrupting the flow of water into the following series of tubes: first, with a rubber ring at the stop-cock; next, with a single ring at different positions along the pipe; third, with more than one ring; and finally, by integration, a single continuous rubber tube.
In the course of the experiments, Moens observed that, no matter what sort or size of elastic tube he used, the period of the oscillations was always the same multiple of the time necessary for a wave to traverse the distance between the two reservoirs. From this observation and his knowledge of all the variables involved was derived his memorable formula for the velocity of propagation of pulses in elastic tubes.
VP -! 0 E9 g a Ad In this formula, Vp is the pulse wave velocity in cm. per sec.; E, the elastic modulus of the wall of the tube in g. per sq. cm.; a, the thickness of the wall in cm. (which must be small in comparison with the lumen); A, the density of the liquid in g. per cc.; and d, the diameter of the tube; and g, the acceleration of gravity.
To the statement of this formula Moens appended two interesting annotations. One pointed out the amendment of the constant, published the year before, from 0.8 to 0.9. The other remarked that if longitudinal stretch should be neglected the 0.9 became 1.013, or practically unity. This he compared with a result privately communicated to him by one D. Korteweg, who had derived a formula by a purely mathematical process. Except that the latter contained no numerical constant, the two were identical.
Up to this point, and even further through the applications of the formula and comparisons of it with the conclusions of previous workers, pointing out the influence of each factor separately and possible interactions of them in specific cases, Die Pulscuurve is a model of lucid exposition,-a research beautifully conceived and faithfully prosecuted. In the empirical formula all of the variables appear in their proper relationships, a result achieved in none of the previous work reviewed by Moens. In the last two chapters, however, the theories evolved are extended to systems of branched tubes and fin-ally to the arterial tree. In the light of more recent knowledge, this treatment must be regarded as unfortunately misguided.
It seems likely that the disappointing condusions of those last chapters and of the Pfliiger's Archiv artide the following year-the only truly physiological portions of the work-must have been responsible for the disappearance of this otherwise most valuable contribution from the realm of popular familiarity among physiologists. Those errors which appear in Moens' work are traceable to two fundamental fallacies, and these, in turn, to a single easily understandable oversight. He seemed not to appreciate the interrelations in his records between propagated waves and the standing waves to which they may give rise by suitable resonance. And he wasted a great deal of time and effort in trying to explain waves in his records which were surely artefacts. Both of these errors might have been avoided had he realized the importance of the adequacy, or dynamic efficiency, of his recording instruments. It seems almost certain that had he continued in research he must have hit upon the explanation and upon the critique of such recording, developed in detail some 25 years later by Otto Frank.'
A careful study of Die Pulscurve can not fail to lead to reflection upon the similarities and differences between the research of Moens' day and that of the present. Chief among these must be an admiration for the nineteenth century workers and for their accomplishments with the available materials. Present-day research seems inherently no better; it is merely aided in scope by improvement in the quality and variety of materials and forces and by their combination into helpful machines.
Many of Moens' difficulties were much like our own. The literature on his subject was already voluminous and widely scattered. Today we are perhaps too prone to regard those works as of solely historical importance. Some of his annoyances are still with us; witness his understanding and gentle reproof of a physiologist who insisted on confusing elasticity with its reciprocal, distensibility.
Perhaps most significant of all is the paradox which illustrates the still deplorable gaps between physicists and physiologists. Moens t Some of the discussion between Moens and Korteweg when the former presented his paper before the medical congress in Amsterdam has been recorded. It sounds very much like the physicist-physiologist arguments at meetings today.
